The main contribution of the paper is that it presents a simple yet effective application of the two-dimensional imbedded Markov chain model in the access control of integrated services in the reverse link of a CDMA cell.
I. INTRODUCTION
CDMA is being perceived as a prominent medium access technology for the next generation cellular networks. Most of the resource allocation strategies proposed in literature for CDMA networks have focussed on voice/data integration. The demand for wide-band services such as video-phones and video-conferencing over wireless links is also growing rapidly. The main limitation to supporting a large number of subscribers per service per unit area, however, continues to be the scarcity of the available radio frequency spectrum. Improvements in the bandwidth efficiency of access control schemes is therefore a key requirement for the viability of next generation cellular networks. In a CDMA cell, supporting a broad spectrum of services with different QoS requirements and traffic characteristics, efficient integration of traffic is a key challenge to the access control schemes. The challenge comes from the complimentary nature of real-time services such as video and voice that are delay intolerant, and the non real-time data services that can tolerate moderate delays. In this paper, a novel access control scheme is proposed that caters to the aforementioned challenge. The proposed technique accommodates VBR (Variable Bit Rate) video traffic in addition to voice and data. VBR Video sources are assumed to employ multiple CDMA channels, in parallel, to handle traffic bursts, as provisioned in IS-95-A and cdma2000 standards [7] [8] . The time varying channel occupancy process, in the reverse link of a CDMA cell, is modeled as a two-dimensional imbedded DTMC process and predicted using its one-step transition probability matrix. More data packets are scheduled for transmission if the voice and video activity is expected to be low and, inversely, the data throughput is lowered if the load from real-time voice and video services is expected to increase. The data throughput is maximized without causing outage by maintaining the total system interference below a certain level.
The access control schemes proposed in literature for the CDMA systems have focussed mostly on supporting voice and data services [2] [3] . Notable exceptions to these include [4] [5] [6] where VBR traffic has also been considered. In [4] both voice and low bit rate VBR video traffic are considered, and an access control strategy involving packet as well as call level control is presented. The channel activity factor of VBR video sources is assumed to be estimated through monitoring. The access control technique proposed in [5] assumes multistate Markov process model, though it employs steady-state probability distribution of the VBR video traffic for channel access. A transient-state analysis based traffic prediction, using matrix method, is employed in [6] where multiplexed VBR & voice traffic is monitored on a link connecting the Base Station and the BSC in a CDMA system. The objective there is the call admission control of Voice and Video sources rather than predicting residual capacity for data scheduling. In contrast, we propose a simple yet effective imbedded DTMC based traffic model, for the reverse link of a CDMA cell, to predict not only the variations in the activity of already accepted voice calls but 0-7803-7700-1/03/$17.00 (C) 2003 IEEEalso the arrival of new calls. Furthermore, the model is generalized to also accommodate VBR video calls.
The rest of the paper is organized as follows. In Section II the proposed imbedded DTMC based models for voice and video traffic are proposed. In Section III the access control criteria is described which specifies the amount of data traffic that could be transmitted while ensuring an acceptable SINR (Signal to Interference and Noise Ratio). Numerical results verifying the viability and efficiency of our approach are presented in Section IV. Finally, Section V makes some conclusions and, once again highlights the main contributions of this work.
II. TRAFFIC MODELS
Consider a CDMA cell supporting real-time VBR video and voice sources in addition to non real-time data traffic. Each real-time call is assigned one or multiple codes depending upon the source traffic. For simplicity, we assume that the voice calls are assigned only one code whereas the VBR video calls may be assigned additional codes to handle the bursty traffic. Each code corresponds to a channel with a peak rate of B bits/ sec. Codes of pseudo-noise sequences are assumed for DS-CDMA channels. A time-slotted system of slot length ∆t is considered. The objective is to predict the resource requirements of the real-time calls, for the next time slot, and based on this anticipated resource requirement, determine the number of queued data packets that could be transmitted along with realtime traffic, without violating the SINR (Signal to Interference and Noise Ratio). Traffic models that characterize the resource consumption by real-time voice and video traffic are developed next.
A. Voice Traffic
We assume that the voice calls arrive in the cell according to a Poisson process with average rate λ, and the call durations are exponentially distributed with average duration 1/µ. Once accepted, the voice call is either in the ON (talk) state or the OFF (silence) state. In the ON state the call utilizes a CDMA channel, whereas in the OFF state, no power is transmitted due to silence detection. Assuming that the ON and OFF periods are independently and exponentially distributed, with mean 1/β and 1/α, respectively, a voice source is modeled as a conventional two state Continuous Markov process, as illustrated in Fig. 1 (a) . Then, the steady-state probabilities of ON and OFF states are α/(α+β) and β/(α+β), respectively. Αn arriving call may start in the ON state or OFF state, with corresponding probability.
Fig. 1. Continuous Time Markov Chain Source Models
Given the aforementioned assumptions of exponential distributions, the states and state-transitions of the cell are according to a two-dimensional CTMC (Continuous Time Markov Chain) process. The state (n,k) represents the number of accepted calls, and the number of accepted calls that are currently in the ON state, respectively. The rate of transitions of this CTMC from (n,k) to (n,k+1) is (n-k)α; from (n,k) to (n,k-1) it is kβ; from (n,k) to (n+1,k) it is λβ/(α+β), where β/(α+β) is the probability that an arriving call will initially be in the OFF state; from (n,k) to (n+1,k+1) it is λα/(α+β), where α/(α+β) is the probability that an arriving call will initially be in the ON state;
, where (n-k)/n is fraction of calls that are currently in the OFF state; from (n,k) to (n-1,k-1) it is , where k/n is the fraction of calls that are in the ON state.
Assuming that no two transitions take place at exactly the same instant, and the slot length ∆t is so small that no transition takes place during the slot, we observe the above two-dimensional CTMC at discrete times i.e. only at the beginning of each slot. The resulting process is then an imbedded two-dimensional DTMC. The objective now is to determine the one-step transition probability matrix of this DTMC, which is done as follows:
Consider that the system was in state (n,k) at the beginning of the current slot. From the properties of exponential random variables, the probability that the system will be in the same state at the beginning of the next slot is i.e.
. 
The probability that the system will not be in that same state is then (1 - ). Furthermore, given that the system will leave its current state the probability that the system will be in state (n,k+1) (as opposed to other possible states) is . In other words, .
Similarly, ,
,
, and (
. ( 7 ) Equations (1) to (7) represent the one-step transition probability matrix of the imbedded two-dimensional DTMC. As our main interest is to determine the channel occupancy in the next time slot, it could further be deduced that ,
, (9) . (10) The above conditional probabilities reflect the number of voice calls, existing or newly arriving, that will be in the ON state during the next time slot. This is also a measure of the occupancy of CDMA channels (codes) in the next time slot.
Next, the above model is generalized to accommodate VBR video sources.
B. Video Traffic
Again, for the purposes of the tractability of the analysis, assume that the video calls arrive according to a Poisson process with average rate λ, and the call durations are exponentially distributed with average duration 1/µ. Approaches such as "method-of-phases" could be considered to address nonexponentially distributed call durations [12] . An accepted VBR video call can occupy multiple CDMA channels, in parallel, to handle traffic bursts. The objective now is to model the channel occupancy process so that the aggregate number of channels to be occupied by multiple VBR video sources in the next slot could be predicted for scheduling non real-time data packets.
It has been demonstrated in [9] that the inter-frame bit rate process of a compressed Video source, specially a video-conferencing or videophone source, employing DCT (Discrete Cosine Transform) for intra-frame compression, has an exponentially decaying auto-covariance function given by: (11) where l is the correlation lag in frames, F is the frame rate which is usually 30 Frames/sec., σ 2 is the variance, and K is a parameter. Incidentally, a general two-state CTMC process also exhibits an exponentially decaying auto-covariance function. Given the state space {B 1 , B 2 }, and transition rates α (from B 1 to B 2 ) and β (from B 2 to B 1 ), the mean and the autocovariance of a general two-state CTMC process are given as [10] :
, and
, respectively. (13) The bit-rate process of a VBR video source could then also be approximated as a two-state CTMC process or a collection of similar but independent such processes. The parameters of a multi-state CTMC process model of a VBR video source, derived as such, could be determined by comparing the above second order statistics to those of sample empirical traces. In [9] , the parameter K as well as the mean and variance of a sample empirical trace were determined to be 3.9/sec., 3.9 Mbits/ sec. and 0.29 (Mbits/sec.) 2 , respectively, and each VBR video
source was modeled as a collection of M ON-OFF CTMC minisources, as illustrated in Fig. 1(b) . We use the same model and consider that the state of the CTMC model of a VBR video source, as in Fig. 1(b) , corresponds to the number of channels being simultaneously occupied by the VBR video source. The steady-state probability distribution of a VBR video source is then given as:
.
Aggregation of similar but independent n such VBR video sources, therefore, could also be modeled as a CTMC with a maximum of ( ) states. The state transition rates and of this process and, either the number of mini-sources needed for approximation or the CDMA channel rate B are determined by solving the following equations:
where and are the mean and the variance of the bitrate process of the sample empirical traffic trace. The above VBR video traffic model is equally valid for MPEG-1 based source traffic as well, in which the I (Intra-frame), P (Predictive) and B (Bidirectional Predictive) frame series have also been observed to exhibit an exponentially decaying auto-covariance function [11] .
Again, taking into consideration the call arrival process, coupled with the multi-state CTMC model of a VBR video source as in Fig. 1(b) , the cell states and state-transitions are modeled as a two-dimensional CTMC process. Observing the state at the discrete times, i.e. only at the beginning of each time slot, results into a two-dimensional imbedded DTMC, whose onestep transition probability matrix is as follows: ,
. ( 2 2 ) where P m [M] is the steady-state probability distribution of the CTMC process of Fig 1(b) ; and n m is the fraction of video calls in state m in the current slot where . The initial state of an arriving call is m with probability P m [M] .
Next, based on the one-step transition probability matrix, the amount of data that could be transmitted without causing an outage is determined.
III. ACCESS CONTROL
The relationship between CDMA cell capacity and SINR (Signal to Interference and Noise Ratio) on the reverse link, which is considered to be the limiting case in CDMA, is expressed as [1] : (23) where k is the number of active channels/codes in the cell, W is the available spectrum for CDMA (for IS-95 it is 1.25 MHz), B is the bit rate of the channel in bits per second, E b is the energy in the information bit, η is the noise power spectral density, φ is the received power per channel at the home base station of the mobile (assuming a perfect power control it is a constant), η t is the thermal noise, and η o is the outer-cell interference i.e. interference from the neighboring cells. The ratio E b /η is thus the SINR (Signal to Interference and Noise Ratio) experienced by a channel with k-1 other active channels in that cell. The outer-cell interference η o is random and is modeled as Gaussian, which leads to [1] (24) ------------------------------------------------------------------ ------------------------------------------------------------------ 
; and E(η o /φ) and Var(η o / φ) are the mean and variance of the outer-cell interference. The E b /η greater than or equal to 5 (7dB) would yield a bit error rate of less than or equal to 10 -3 [1] .
Considering only the voice and data traffic, from (8), (9), (10) and (24) the residual capacity available to data packets at the beginning of the next slot is estimated by solving the following equation for d:
The parameter d is the number of data packets that could be transferred in the next slot while guaranteeing no outage, and is estimated by solving the above equation with the left hand side i.e. Pr(BER > 10 -3 ) being infinitesimally small (of the order of 0.01).
Similarly, considering only the VBR video and data traffic, the residual capacity is computed by solving the following equation for d.
(26)
IV. RESULTS
In this section the applicability of the analysis in Sections II and III is demonstrated through simulation results. Firstly, the correctness of the analytical result of Section II is verified. Secondly, the efficiency of the access control criteria, described in section III, is quantified.
Traffic traces based on the two-dimensional CTMC process model of the voice traffic of Section II.A were synthetically generated. The length of the transmission slot was arbitrarily selected to be 1.0 sec.; and 1/µ, 1/α, & 1/β were arbitrarily selected to be 214 sec., 30 sec. and 30 sec., respectively. We first empirically computed the one-step transition probability matrix using the synthetic traces. The empirical results were then compared with numerical results, obtained directly from (1) to (7) . The proximity of empirical results to the numerical results, over a wide range of call arrival rate λ, as shown in Fig.2 , verifies the correctness of the analysis of Section II. The values 1, 2, 3, 4, 5, 6, and 7 of the next state (x-axis) of Fig. 2  correspond to (n-1, k-1), (n-1, k), (n, k-1), (n, k), (n, k+1), (n+1,  k) , and (n+1, k+1) respectively, given the specified initial state (n, k).
Next, the bandwidth efficiency of the access control criteria, described in Section III, is quantified. Fig. 3 exhibits the residual capacity in the cell using synthetically generated samples of voice traffic, in terms of number of data packets that could be transmitted in the next slot, and compares it to the predicted values obtained using (25) with P(BER > 10 -3 ) = 0.01. The parameters , and were taken to be 30, 2.47, and 0.88, respectively [1] . The net soft capacity of the CDMA cell was determined using (24). The low prediction error, as illustrated in Fig. 3 , reflects upon the accuracy of residual capacity estimation and, thus, quantifies the improvements in data throughput that could be achieved by using the proposed prediction based approach, while ensuring required SINR. It should be noted that the video traffic model is a generalization of the voice traffic model and therefore the correctness of the analysis of Section II.B is implicit.
V. CONCLUSIONS
A traffic prediction based approach to access control in the reverse link of a CDMA cell is proposed herein. Integration of VBR video and voice traffic with non real-time data traffic, for access control, is addressed. VBR video traffic is accommodated by assuming that multiple CDMA channels of equal capacity may be employed by the source, in parallel, to handle traffic bursts, as provisioned in IS-95-B and cdma2000. Based on this channel utilization provision, a two-dimensional imbedded DTMC process model is assumed for real-time video and voice sources in which the state of the process corresponds to the number of calls accepted by the cell and the number of CDMA channels being occupied by these accepted calls. The one-step transition probability matrix of the imbedded DTMC is derived and used to predict the resource requirements of the real-time services for the next time slot. The number of data packets that could be scheduled in the next slot are thereafter estimated while ensuring that there will be no outage. The correctness of the analysis is verified and the efficiency of the access control criteria is demonstrated through simulation results. c a l l a r r iv a l r a t e = 3 . 1 2 c a l ls / m in , n = 1 1 , a n d k = 8 N e x t s ta te Probability of the next state E m p e r i c a l A n a ly ti c a l 
